Small RNA control of gene expression is critical for developmental processes in vertebrate embryos. To determine the dynamics of small RNA expression and to uncover novel small RNAs in the early vertebrate embryo, we performed high-throughput sequencing of all small RNAs in Xenopus tropicalis embryos at three developmental time points and in dissected halves of gastrula embryos. This analysis allowed us to identify novel microRNAs and we show that microRNA expression is highly dynamic and spatially localized in early embryos. In addition, we have developed a microRNA prediction pipeline and demonstrate that it has the power to predict new miRNAs that are experimentally detectable in frogs, mice, and humans. By combining the small RNA sequencing with mRNA profiling at the different developmental stages, we identify a new class of small noncoding RNAs that we name siteRNAs, which align in clusters to introns of protein-coding genes. We show that siteRNAs are derived from remnants of transposable elements present in the introns. We find that genes containing clusters of siteRNAs are transcriptionally repressed as compared with all genes. Furthermore, we show that this is true for individual genes containing siteRNA clusters, and that these genes are enriched in specific repressive histone modifications. Our data thus suggest a new mechanism of siteRNA-mediated gene silencing in vertebrates, and provide an example of how mobile elements can affect gene regulation.
Small RNA control of gene expression is critical for developmental processes in vertebrate embryos. To determine the dynamics of small RNA expression and to uncover novel small RNAs in the early vertebrate embryo, we performed high-throughput sequencing of all small RNAs in Xenopus tropicalis embryos at three developmental time points and in dissected halves of gastrula embryos. This analysis allowed us to identify novel microRNAs and we show that microRNA expression is highly dynamic and spatially localized in early embryos. In addition, we have developed a microRNA prediction pipeline and demonstrate that it has the power to predict new miRNAs that are experimentally detectable in frogs, mice, and humans. By combining the small RNA sequencing with mRNA profiling at the different developmental stages, we identify a new class of small noncoding RNAs that we name siteRNAs, which align in clusters to introns of protein-coding genes. We show that siteRNAs are derived from remnants of transposable elements present in the introns. We find that genes containing clusters of siteRNAs are transcriptionally repressed as compared with all genes. Furthermore, we show that this is true for individual genes containing siteRNA clusters, and that these genes are enriched in specific repressive histone modifications. Our data thus suggest a new mechanism of siteRNA-mediated gene silencing in vertebrates, and provide an example of how mobile elements can affect gene regulation.
[Supplemental material is available for this article.]
Small noncoding RNAs have emerged as critical regulators of gene expression, both at the post-transcriptional and epigenetic level. Based on biogenesis criteria, there are three main classes of small RNAs: small interfering RNAs (siRNAs), microRNAs (miRNAs), and Piwi-interacting RNAs (piRNAs), although small RNAs with novel functions continue to be discovered. siRNAs are ;21-to 24-nucleotide (nt) RNAs that have antisense complementarity to target transcripts and are thought to act predominantly by direct endonucleolytic cleavage (''slicing'') of the target. siRNAs were first identified in response to viral infection in plants and have since been sequenced in Drosophila, Caenorhabditis elegans, mouse oocytes, and embryonic stem cells, and most recently in Xenopus tropicalis (Hamilton and Baulcombe 1999; Ambros et al. 2003b; Babiarz et al. 2008; Czech et al. 2008; Watanabe et al. 2008; Armisen et al. 2009 ). In a number of organisms they have also been shown to regulate chromatin structure (Olovnikov et al. 2012) . In plants and C. elegans, siRNAs are thought to silence mobile elements, but the role of endogenous siRNAs in vertebrates is not fully understood. Recent work in mouse oocytes showed that disruption of siRNA biogenesis led to an increase in transposon and protein-coding transcripts, suggesting that mammalian endogenous siRNAs protect against transposons and negatively regulate gene expression (Watanabe et al. 2008) . miRNAs are ;22-nt small RNAs found in species ranging in complexity from unicellular algae to humans. miRNAs negatively regulate gene expression post-transcriptionally via base-pairing to the 39 UTR of target mRNAs (Bartel 2009 ), affecting mRNA stability and/or translation (Baek et al. 2008; Selbach et al. 2008 ). There are 18,226 miRNAs listed in the miRNA registry (miRbase 18), of which 1527 are human and 210 are Xenopus miRNAs (Kozomara and Griffiths-Jones 2011) . A relatively small number of miRNAs have been shown to regulate a variety of processes in early vertebrate development, including the clearance of maternal mRNAs at the maternal-zygotic transition (Giraldez et al. 2006; Lund et al. 2009 ), modulation of embryonic signaling pathways such as Nodal signaling (Choi et al. 2007; Martello et al. 2007) , and promotion of cell differentiation and control of cell fate, in particular, germ layer formation (Rosa et al. 2009 ), neural differentiation (Yoo et al. 2011) , and regulation of epithelial-to-mesenchymal transition (Bracken et al. 2008) .
Vertebrate piRNAs are 25-to 30-nt small RNAs that function via interaction with Piwi proteins of the Argonaute family and were initially discovered in Drosophila (Aravin et al. 2003) . piRNAs are complementary to intergenic repeats and mediate silencing of transposons both by inducing cleavage of transcripts and through regulation of the chromatin structure by acting as guides to target enzymes required for methylation of genomic sequences of active transposons and neighboring regions (Aravin et al. 2001; Houwing et al. 2007; Siomi et al. 2011; Olovnikov et al. 2012; Sienski et al. 2012; Huang et al. 2013) . piRNAs have been sequenced in the germ cells of many species including mouse, zebrafish, and X. tropicalis (Aravin et al. 2006; Houwing et al. 2007; Armisen et al. 2009; Lau et al. 2009; Faunes et al. 2012) , where they are required to maintain genome integrity (Malone and Hannon 2009) . In addition, they have recently been sequenced in somatic tissues of the mouse, rhesus macaque, and human (Yan et al. 2011; Li et al. 2012) , suggesting additional functions outside of the germline. In Xenopus, piRNAs and transposable element (TE) transcripts have been identified in gastrula embryos and during neural tissue development, but piRNAs were not found in adult skin or liver (Armisen et al. 2009; Faunes et al. 2011 Faunes et al. , 2012 .
In this study, we characterize the small RNA profile of early X. tropicalis development by deep sequencing small RNA libraries generated from blastula, gastrula, and neurula stage embryos. The libraries were designed to contain miRNAs, endogenous siRNAs, piRNAs, and any other unknown small RNAs. Our aim was to uncover the dynamics of small RNA expression and discover novel small RNAs in the early vertebrate embryo. Embryos were also dissected at the gastrula stage to provide information on the spatial localization of small RNAs during germ layer formation. We report the temporal and spatial expression profiles of 167 miRNAs and three entirely novel miRNAs. We show that miRNAs and other known small RNAs comprise <9% of the small RNAs present in the early embryo. Our analysis of the small RNA profile that did not correspond to known small RNA species (''unannotated'' small RNAs) identified a new class of small RNAs that align to introns of protein-coding genes. We show that they are derived from remnants of TEs present in the introns. To reflect this and the location to which they align, we name them siteRNAs (small intronic transposable element RNAs). We find that genes containing clusters of siteRNAs are transcriptionally repressed both on a genome-wide scale and at the individual gene level. Furthermore, we demonstrate a correlation between the presence of siteRNA clusters and an enrichment of repressive histone modifications. Taken together, our data suggest a novel siteRNA-mediated mechanism of coordinated epigenetic and transcriptional repression.
Results
Overview of the early X. tropicalis embryo small RNAome To sequence all small RNAs in the developing vertebrate embryo, we collected blastula (stage 8), gastrula (stage 10), and late neurula (stage 18) X. tropicalis embryos and also dissected gastrula embryos into animal and vegetal hemispheres. Small RNA libraries were prepared and subjected to highthroughput sequencing (Fig. 1A) . Over 14 million raw reads were obtained per library, of which 45%-59% aligned perfectly to version 4.1 of the X. tropicalis genome (Hellsten et al. 2010) . We sequenced between 358,909 and 834,281 unique small RNAs, which we refer to as tags (Armisen et al. 2009) , depending on the library (Supplemental Table S1 ). The quality and reproducibility of the high-throughput sequencing was confirmed by resequencing the small RNA libraries in a technical repeat (Supplemental Tables S1, S2 ). An immediate picture of the quality, content, and heterogeneity of the libraries is given by the length distribution of small RNA species sequenced (Fig. 1B) . Peaks in the length distribution suggest the presence of different classes of small RNAs in the libraries (Armisen et al. 2009) . A major peak of 28 nt is present in all libraries and a lesser peak of 23 nt is seen in most libraries. These peaks are the correct size to contain piRNAs and miRNAs, respectively (Armisen et al. 2009 ). The 28-nt peak does not collapse when raw reads are converted into tags, indicating a complex population of small RNAs. In contrast, the collapsibility of the 23-nt peak suggests the presence of miRNAs, as highly abundant miRNAs usually compress into relatively few unique sequence tags (Armisen et al. 2009 ).
Next we annotated the small RNAome by aligning the small RNA sequences to databases of known noncoding RNAs Small RNAs of 18-30 nt were purified from X. tropicalis embryos, and Illumina RNA adapters were ligated by an RNA ligation reaction. The adapter sequence is needed to attach the template DNA to the flow cell in the sequencing machine. The ligated RNAs were reverse-transcribed and the cDNA used as the template for a large-scale PCR. The PCR library was then subjected to single-end deep sequencing. (B) Length distributions of small RNA sequencing reads and unique sequence tags. Small RNA read and tag numbers are plotted against length for the five small RNA libraries. The sequencing reads are trimmed to remove sequencing adapters and mapped to the genome with zero mismatches. The arrow indicates the miRNA population that collapses when reads are converted to tags, and the arrowhead indicates the population of 28-nt RNAs. (Pang et al. 2005) , and others (Supplemental Table S2 ). In total, miRNA reads comprised <1% of the small RNAome at blastula and gastrula stages, maximally accounting for ;1.6% of sequencing reads at late neurula stage (Supplemental Table S2 ). Between 1.1% and 3.1% of the reads aligned to ncRNAs in the Rfam database. Of these, the most abundant were fragments of ribosomal RNAs (;0.40%-0.75%) (Quast et al. 2013) , tRNAs (;0.03%-0.79%) (Lowe and Eddy 1997) , and small nucleolar RNAs (;0.04%-0.1%) (Griffiths-Jones et al. 2003) . Similarly, small RNA reads aligning perfectly to a piRNA sequence in RNAdb (Pang et al. 2005 ) accounted for <1.1% of small RNAs in the early embryo. Interestingly, we identified 51 small RNAs that were classified as piRNAs in human, mouse, and rat, but which also matched specific fragments of tRNAs, suggesting that they could be the recently described tRFs (Lee et al. 2009 ). Significantly, depending on the library, between 91% and 98% of the small RNA sequence reads remained unannotated following alignment to known noncoding RNA databases (Supplemental Table S2 ).
Dynamics and localization of miRNA expression
After applying stringent filters (see Methods), we identified a total of 167 different miRNA sequences, of which 53 had been previously identified in Xenopus. It is important to note that the 167 miRNA sequences identified are not necessarily all distinct miRNAs. Indeed, 64 sequences (marked by an asterisk in Supplemental File 1) differ only by 1-2 nt at the 39 or 59 end compared with a previously identified homolog, which could be explained by trimming to remove sequencing adapters or by inherent variation in Dicer processing (Seitz et al. 2008 ) and thus might only correspond to 28 distinct miRNAs. In other cases, however, such as mmu-miR-182 and hsa-let-7d, the miRNA sequence cannot be formed by 59 or 39 trimming of another miRNA sequence, suggesting these may be new X. tropicalis miRNA family members. The five most frequently sequenced miRNAs in each library are presented in Supplemental Table S3 . Small RNA sequencing is semiquantitative; therefore, sequencing frequency correlates with abundance (Creighton et al. 2009 ). Sequencing reads were normalized to allow comparison of miRNA expression at three time points in early frog development and in the animal and vegetal hemispheres of the embryo at gastrula stage (Supplemental File 1). A selection of miRNA expression levels from the high-throughput sequencing were experimentally validated using small RNA qPCR, giving us confidence in the quantitative nature of the small RNAseq data set (Supplemental Fig. S1 ).
Heatmap analysis revealed relatively low-level miRNA expression at the blastula stage, whereas a small number of miRNAs are highly expressed at gastrulation and late neurula stage (Fig. 2) . For example, X. tropicalis miR-206 (xtr-miR-206) dominates the neurula stage miRNA profile (42% of all miRNA reads, respectively; see Supplemental Table S3 ). Other miRNAs are enriched in the animal hemisphere at gastrulation, for instance the Xenopus homologs of Bombyx mori and Drosophila melanogaster miR-184 (bmomiR-184 and dme-miR-184). We also analyzed the global trends of miRNA expression dynamics and localization in more detail. On average, miRNAs increase in abundance 75-fold from blastula to late neurula stage, although individual miRNAs in the data set do decrease in abundance (Fig. 3A) . Thirteen miRNAs increase >100-fold between blastula and neurula stage, including xtr-miR-206. This agrees with the previous conclusion that a small number of highly abundant miRNAs dominate the miRNA profile at stage 18.
In addition, miRNAs are clearly enriched in the animal hemisphere of gastrula-stage embryos (Fig. 3B ).
Novel miRNA prediction and validation
To reveal novel miRNAs within the unannotated small RNA highthroughput sequencing reads, we designed a de novo miRNA prediction pipeline. Briefly, unannotated small RNA tags were filtered (see Methods for full details) and the surrounding genomic sequence was extracted to form a candidate miRNA precursor sequence (premiRNA), whose secondary structure was predicted using Mfold (Zuker 2003) . Secondary structures were screened for the following features: a hairpin secondary structure without large bulges, a mature miRNA sequence contained within one arm of the hairpin, and at least 16 bp of the mature miRNA sequence base-pairing with Figure 2 . Heatmap analysis of miRNA expression in early Xenopus development. miRNA tags of 22-23 nt identical in sequence to a miRbase miRNA were clustered by expression similarity. miRNA expression is displayed using a color key where blue corresponds to low and red to high numbers of miRNA normalized reads. The miRNAs labeled are those mentioned in the text and/or the most abundant in the five libraries (Supplemental Table S3 ).
the candidate miRNA-star sequence (Ambros et al. 2003a) . Three novel miRNAs (provisionally named miR-A, C, and F) passed these criteria and were detected by qPCR in X. tropicalis (Fig. 4A,B) . Interestingly, miR-F shows regulated pre-miRNA processing, as mature miR-F expression begins at neurula stage and persists to tadpole stage (Fig. 4C , left panel), whereas pre-miR-F is present from blastula stages. This regulated processing was also seen in X. laevis embryos (Fig. 4C, right panel) . miR-F is evolutionarily conserved, as it was also detected in mouse and human cell lines (Fig. 4D) . In summary, three novel X. tropicalis miRNAs were confidently identified, including a highly conserved miRNA, miR-F. miR-A, C, and F were named xtrmiR-9406, xtr-miR-9407, and xtr-miR-428b, respectively, by miRBase when the manuscript was accepted for publication.
Identification of small intronic RNAs from unannotated reads
The vast majority (>91%) of the small RNAs that we sequenced in X. tropicalis embryos were not present in known small ncRNA databases (Supplemental Table S2 ). To gain insight into their possible function, we investigated where they align in the genome. Between 44% and 46% of them aligned (with no mismatches) to introns of protein-coding genes in each library, whereas between 2%-3% and 52%-55% aligned to exons and intergenic regions, respectively (Fig.  5A ). The overrepresentation of clusters aligning in introns, which represent 16% of the genome, led us to focus our analysis on this specific class. The small intronic RNAs were conserved in all five libraries, shown for example for the tdp1 gene (Supplemental Fig. S2A ). This conservation is also evident in the Venn diagram (Fig. 5B) . The size range of the small intronic RNAs is 23-29 nt (data not shown). Further examples of small intronic RNAs, as well as small RNAs mapping within 5 kb upstream of a transcription start site (TSS) are shown in Supplemental Figure S2B ,C.
To find regions of high small intronic RNA density in the genome which we reasoned were more likely to be functional, we applied a sliding window filter to the small RNA-seq data set (Fig. 5C , cf. tracks I and II; Akkers et al. 2009; Konig et al. 2011) . A total of 1930 intronic regions passed the sliding window filter in the stage 8, stage 10, and stage 18 small RNA libraries (Supplemental File 2; Fig. 5C ). We obtained small RNA clusters that were sense or antisense (52% and 48%, respectively) relative to the gene, such as the cluster in sptlc1 (Fig. 5C ) and that in gnai2, respectively (Supplemental Fig. S2B ). Using the sliding window filter, we also identified 465 small upstream ncRNA clusters (Supplemental File 2).
An analysis of the sequences of the intronic small RNA clusters revealed that almost all of them (92%) could be aligned in 41 different groups based on sequence similarity (Table 1 ; Supplemental Fig. S3 ). Further analysis revealed that the sequences represented by these groups were related to those of TEs of both major classes: retrotransposons (both LTR and non-LTR) and DNA transposons (Table 1; Faunes et al. 2011; Siomi et al. 2011 ). To reflect their alignment to introns and their relationship to TEs, we named these small RNAs siteRNAs. Interestingly, only specific regions of the TEs align with siteRNA clusters. The siteRNA clusters in the same group all display high sequence similarity, but as they all map uniquely in the genome, none of the sequences are identical. We next investigated, for representatives from each group, whether the alignment in the intron corresponded to the entire TE, or to a fragment. The siteRNA clusters aligned to remnants of TEs and 85% were antisense, relative to the TE (Fig. 5D,E) . In addition, we noted that the alignment was not necessarily to the coding portion of the TE, and also that not all TE remnants in a given intron aligned to siteRNAs (Fig. 5D,E) .
Genome-wide mRNA-seq reveals a correlation between siteRNAs and low transcriptional activity of the genes to which they map To investigate whether siteRNA clusters might regulate the genes to which they map, we performed mRNA-seq transcriptome profiling at the same stages of X. tropicalis development. We compared the mRNA expression profile of all the transcriptome (all RefSeq genes Release 39; Jan 23 2010) to that of genes containing small upstream RNA clusters or genes containing siteRNA clusters. We found that the expression of genes containing siteRNA clusters was statistically significantly decreased compared with the whole transcriptome (P < 1 3 10 À5 ) (Fig. 6A ). In contrast, there was no statistically significant difference in the expression of small upstream RNA cluster genes and the transcriptome (P > 0.15) (Fig. 6B) . Therefore, on a genome-wide level, siteRNA clusters correlate with low expression of the genes to which they map. To investigate these siteRNA clusters in more detail, we focused on siteRNA clusters representing three of the TE groups (Supplemental Fig. S3 ). Because the small RNA reads spanned the entire intronic TE remnant, we hypothesized that the siteRNAs might be processed from a longer transcript encompassing the TE remnant. To test this, we designed qRT-PCR primers that would allow specific amplification of a longer RNA derived from the individual TE remnants, and also a pair of primers that would amplify a common product for the group 7 siteRNA cluster. In all cases, qRT-PCR revealed weak expression of these longer RNA precursors at stages 8 and 10 and strong up-regulation at stage 18, which must be a result of zygotic transcription (Fig. 6C) . As observed in the genome-wide analysis, the siteRNA clusters were associated with genes whose expression is repressed. Using levels of the mesoderm-specific xbra transcript at stage 8 as a reference for a repressed gene and levels of xbra at stages 10 and 18 as a reference for an active gene (Smith et al. 1991) , we assessed the levels of gene expression for all the genes for which we analyzed the siteRNA clusters. All of these genes were expressed at low levels, or not at all (Fig. 6C,D) . In addition, for the genes map7d2, galk2, and kiaa1468 that were slightly more strongly expressed at stage 8 and 10, their mRNA levels decreased at stage 18 coincident with the increase in siteRNA cluster expression (Fig. 6C,D) . This indicates that the presence of siteRNAs correlated with low steady-state mRNA levels both at the genome-wide and individual transcript level. As the introns to which siteRNAs align are spliced out in mature mRNA, this repression is more likely to occur at the transcriptional, rather than the post-transcriptional level.
The presence of siteRNA clusters correlates with combinations of repressive histone modifications Small RNA-directed transcriptional silencing via formation of heterochromatin has been observed in other organisms and, moreover, can occur at TEs (Buhler and Moazed 2007; Hawkins et al. 2009; Verdel et al. 2009; Kanhere et al. 2010; Olovnikov et al. 2012; Sienski et al. 2012) . We therefore investigated whether the genes containing siteRNA clusters were enriched in repressive histone modifications. A genome-wide analysis in gastrula-stage X. tropicalis embryos for RNA polymerase II, H3K4me3 (Santos- Rosa et al. 2002) , and another histone modification associated with transcriptional repression, H3K27me3 (Cao et al. 2002) , has previously been published (Akkers et al. 2009 ). In a comparative analysis of this data set with our genome-wide siteRNA cluster data set we found no overlap between the siteRNA clusters and the H3K27me3 histone mark (data not shown). We therefore performed chromatin immunoprecipitation (ChIP) on stage 10 and stage 18 X. tropicalis embryos for other repressive histone marks, H3K9me3 and H4K20me3 (Stewart et al. 2005; Wongtawan et al. 2011) . We also performed ChIP for H3K4me3 to include an epigenetic mark that is mainly found at promoters. It also serves as a positive control for comparison with the previous ChIP-seq analysis (Akkers et al. 2009 ). Strikingly, we observed H3K9me3 and H4K20me3 deposition at the siteRNA cluster region and at the TSS for all of the genes analyzed, and in many cases the enrichment was increased at stage 18 (Fig. 7) . Thus these siteRNA cluster genes all share a similar repressive epigenetic profile, consistent with their low expression levels. Track I shows small RNA-seq data before filtering by window-scanning analysis to reveal regions of high siteRNA density (track II). Track III shows mRNA reads, which align to exons. Reads that map over an exon-exon boundary are connected by a blue line. (D,E) Diagrams are shown for map7d2 and tdp1 to indicate the relationship between the siteRNA clusters and the TE remnants present in the introns. The representation of the genes is as in C. Small RNA reads are shown in the track labeled ''small RNA-seq'' in gray, or in green for those which passed the window scanning filter. The scale indicated is as in C. The green bars below indicate individual siteRNA clusters and the red arrow indicates the direction of transcription of the small RNA reads. In the track labeled ''transposon,'' the TE remnants are shown as colored boxes, with the names given below. The TE remnant from which the siteRNAs are derived is shown in red, and this entire TE is shown to scale above. The red box in the TE is the region of almost identical sequence to the intronic TE remnant. The purple line shows the protein-coding region and the arrow gives the direction of transcription of the entire transposon. Note that the small RNA reads are antisense relative to the direction of TE transcription.
Discussion
In this study we characterize the small RNA profile of early X. tropicalis development and analyze the spatial localization of small RNAs in the vertebrate embryo by high throughput sequencing. We identify a total of 167 miRNAs in X. tropicalis and show that miRNAs increase in abundance and diversity from late blastula to neurula stage. This result is consistent with the role of miRNAs as repressors of pluripotency in the embryo, as the specification of tissues progresses between gastrulation and neurulation. We found that miRNAs were enriched in the animal hemisphere compared with the vegetal hemisphere at gastrulation, which may contribute to the differentiation of neural tissue from prospective ectoderm, as neural-specific expression of miRNAs has been widely reported (Wienholds et al. 2005; Walker and Harland 2008) . miRNA localization to the animal hemisphere could also be required to attenuate the expression of mesodermal and endodermal inducers in the animal hemisphere to maintain ectodermal cell fates.
We found that >91% of the small RNAs present in the early X. tropicalis embryo could not be identified by comparison with known small RNAs. These are unlikely to be fragments of mRNA, as we observed very few sequences corresponding to very abundant transcripts. This suggested that there are many small RNAs and possible regulatory mechanisms in the early embryo that we do not yet understand. To start addressing this, we designed and validated a miRNA prediction pipeline that processes unannotated small RNA reads into experimentally detectable, novel miRNAs. Interestingly, while we were writing this paper the sequence of miR-F appeared in a list of putative miRNAs from X. laevis, further validating our prediction pipeline (Ambady et al. 2012) .
Furthermore, by analyzing where the unannotated small RNAs map in the genome, we uncovered a novel class of small RNAs that cluster in introns of protein-coding genes that we term ''siteRNA clusters.'' We detected hundreds of high-density siteRNA clusters. Since they can be sense or antisense with respect to the gene to which they map, we concluded that they cannot be byproducts of mRNA processing, mirtrons (Okamura et al. 2007; Ruby et al. 2007 ), or the recently identified sisRNAs (Gardner et al. 2012) . Analysis of the sequences of the siteRNA clusters revealed that the vast majority aligned to regions of TEs, both DNA transposons and retrotransposons. Contrary to a previous report showing that X. tropicalis small RNAs mapped predominantly to L1-55-XT, HAT-10-XT, and Piggybac-1-XT (Faunes et al. 2012) , we observed that the siteRNAs are derived from a distinct TE set (Table 1) . To understand in more detail the origin of the siteRNAs and their function, we focused on siteRNA clusters that aligned uniquely in the genome. It is clear that 85% of the clusters align antisense to TE remnants in the introns. Using primers specific for the unique siteRNA cluster we could show that a longer precursor, encompassing the TE remnant, is strongly up-regulated at stage 18. This result contrasts with the approximately equal levels of individual siteRNAs derived from these elements in the stage 8, 10, and 18 libraries. We thus speculate that siteRNAs are laid down prior to stage 8, possibly by being processed from longer precursors, and their levels are maintained as a result of zygotic transcription between stage 10 and stage 18. As yet, we do not understand the mechanism by which siteRNAs are synthesized or processed.
Genome-wide transcriptome profiling showed that genes with siteRNA clusters are transcriptionally repressed compared with all genes in the transcriptome. This was also true at the level of individual genes. Importantly, we found a correlation between the presence of the siteRNA clusters in a gene and deposition of repressive H3K9me3 and H4K20me3 histone modifications, but not the repressive H3K27me3 mark. Small RNA interaction with chromatin to direct transcriptional silencing has been observed in plants (Zilberman et al. 2003) , yeast (Verdel et al. 2009 ), Drosophila (Pal-Bhadra et al. 2004 Sienski et al. 2012; Huang et al. 2013) , and in certain situations, at promoters of mammalian genes (Gonzalez et al. 2006; Janowski et al. 2006; Weinberg et al. 2006; Gonzalez et al. 2008; Kim et al. 2008; Schmitz et al. 2010) . In these cases, small RNAs target enzymes involved in DNA methylation or histone methylation either through direct recruitment to DNA via triplex formation (Schmitz et al. 2010) , or via complementarity to nascent transcripts (Olovnikov et al. 2012) . Our work shows that siteRNA clusters coincide with the deposition of repressive epige- (C ) siteRNA clusters can be amplified using specific qRT-PCR primers at stages 8, 10, and 18 in X. tropicalis embryos. The bars labeled ''common'' correspond to qRT-PCR using primers that would recognize RNA from all of the group 7 TE remnants. RNA levels relative to odc were calculated and error bars are standard deviations from duplicates. The groups refer to the TE sequence clusters shown in Supplemental Figure S3 and Table 1. (D) mRNA expression levels detected by qPCR at stages 8-18. mRNA levels relative to odc were calculated. Error bars are standard deviations from triplicates. mRNA levels of the developmentally regulated gene xbra are also plotted as a reference.
netic marks to effect transcriptional repression in the early vertebrate embryo of groups of genes characterized by specific TE remnants in their introns. We suggest that the siteRNAs act predominantly in a cis mechanism, being both produced as a result of transcription of the TE remnants, and acting as guides to modify chromatin structure. It will be important in the future to analyze small RNA sequencing data sets in other species to determine if this mechanism is deployed in other vertebrates to regulate gene expression during embryonic development.
Methods

Animal procedures
X. tropicalis and X. laevis embryos were obtained by in vitro fertilization, de-jellied in 2.2% cysteine, and cultured in 1/20 3 MMR with gentamycin until the indicated stage as described (Khokha et al. 2002) . Dissections were carried out in 1 3 NAM supplemented with 0.1% (w/v) BSA.
Small RNA and mRNA sequencing, alignment, and normalization
Details of small RNA and mRNA library preparation and sequencing are given in the Supplemental Methods. Small RNA reads were trimmed to remove sequencing adapters and aligned to the X. tropicalis genome, Joint Genome Institute, assembly version 4.1 (Hellsten et al. 2010) allowing for zero mismatches using the BWA alignment program (Li and Durbin 2009) . mRNA reads were aligned using bowtie (Langmead et al. 2009 ) and those over splice junctions were aligned using TopHat ). Up to two sequence mismatches were permitted in mRNA-seq read alignments. Small RNA reads were normalized using a linear scaling whereby the raw reads were multiplied by the greatest number of genomic alignments in any library divided by the number of genomic alignments in the library of interest. mRNA reads were quantified using the reads per kilobase per million of exon (RPKM) method for each gene annotated in RefSeq (Release 39; Jan 23 2010) to normalize for transcript length and total read number (Mortazavi et al. 2008) .
miRNA heatmaps and a novel miRNA prediction pipeline Trimmed reads of length 22-23 nt or 25-30 nt with a perfect match to a miRbase miRNA sequence and present at the minimum level of 10 reads in at least one library were retained. Heatmaps were generated using a modified version of the heatmap2 function from R (http://www. R-project.org) based on a dendrogram of small RNA expression similarity. Color keys represent log 10 (normalized read numbers +1). For the novel miRNA prediction pipeline, see Supplemental Methods.
Detection of high-density small RNA clusters
A modified version of a sliding window approach was used (Akkers et al. 2009; Konig et al. 2011 ) with a window of 100 nt sliding in 50-nt increments across the unannotated small RNA-seq reads aligning to an ''upstream'' genomic sequence (defined as within 5 kb 59 of a TSS of a gene) or an intronic genomic sequence using RefSeq (Oct. 4, 2010) . The mean nucleotide coverage per window was calculated and a cutoff of 30 was used. Overlapping windows in the same upstream or intronic region were merged and coverage was recalculated. The underlying genomic sequence passing the cutoff was extracted and reported as a small RNA cluster. ChIP-qPCR profiles for tri-methylated H3K4 (H3K4me3), H3K9me3, and H4K20me3 histone modifications at the TSS and siteRNA cluster region. Chromatin was prepared from whole X. tropicalis embryos at stages 10 and 18. The quantity relative to the input after qPCR was calculated for each IP. The bars marked ''beads'' correspond to a control IP without antibody. Means and standard deviations of duplicates from a representative experiment are shown.
Alignment of siteRNA sequences to TEs and clustering siteRNA clusters were blasted against the reference collection of repeat sequences from Repbase (www.girinst.org/repbase/) using CENSOR (Kohany et al. 2006 ). The siteRNA cluster groups were aligned by Clustal Omega (Sievers et al. 2011 ).
Quantitative RT-PCR
Small RNA qRT-PCR was performed essentially as described (Shi and Chiang 2005) using the Affinityscript kit (Stratagene) and EXPRESS SYBR Green reagents (Invitrogen). qRT-PCR was performed using cDNA generated from random hexamer priming of total RNA. See Supplemental Methods for oligonucleotide sequences used for all qPCR and for details of cell culture.
Small RNA Northern blotting
Total RNA (15 mg) prepared by TRIzol extraction and DNase I treatment from X. tropicalis embryos or X. laevis embryos was fractionated by denaturing gel electrophoresis and transferred to a nylon membrane, which was chemically cross-linked (Pall and Hamilton 2008) . The small RNA probe ( 32 P radiolabeled complementary DNA oligonucleotide; sequences listed in the Supplemental Information) was then hybridized to the previously equilibrated membrane overnight under rotation at 39°C, before washing and detection of signal.
ChIP assays and antibodies
ChIPs were performed as previously described (Blythe et al. 2009; Heliot and Cereghini 2012) with the following modifications. Chromatin was prepared in radioimmunoprecipitation assay buffer, and 4 min of medium intensity sonication using a Biodisruptor sonicator was sufficient to yield 200-to 500-bp DNA fragments. Magnetic protein A or G beads were used as appropriate (Invitrogen). The following antibodies were used: anti-H3K4me3 (Abcam ab8580), anti-H3K9me3 (Abcam ab8898), and antiH4K20me3 (Abcam ab9053). The primers used for ChIP qPCR are listed in the Supplemental Information.
Data access
The data have been submitted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) (Edgar et al. 2002) under accession number GSE38605. The novel miRNAs miR-A, C, and F have been submitted to miRBase and named xtr-miR-9406, xtr-miR-9407, and xtr-miR-428b, respectively.
